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Taurine and structurally diverse substituted taurines have
been synthesized by peroxyformic acid oxidation of the thi-
azolidine-2-thione intermediates generated from vicinal
amino alcohols or aziridines and carbon disulfide. The
stereochemistry and mechanisms of the reactions are dis-

scussed. The method is a salt-free and versatile route, conve-
nient in terms of purification, and can be used to synthesize
optically active substituted taurines.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Taurine and substituted taurines are 2-aminoalkanesul-
fonic acids, a class of important aminoalkanesulfonic ac-
ids,[l with taurine the simplest and most well-known of
these compounds. It was discovered more than 200 years
ago and exhibits many important biological activities.”] -
Cysteinolic acid [(S)-2-amino-3-hydroxy-1-propanesulfonic
acid] was first isolated from the red alga Polysiphonia fastig-
iata in 1957.1% Both are naturally occurring amino sulfonic
acids and are involved in various physiological pro-
cesses.>*3] Taurine and some substituted taurines play im-
portant roles in biological and medicinal chemistry.!-240]
They have been widely used as sulfur analogues of amino
carboxylic acids in the preparation of sulfonopeptides, pep-
tidomimetics with a tetrahedral structural feature that act
as enzyme inhibitors, in the search for peptidomimetic
drugs.l!-71

Several syntheses of taurine and substituted taurines
have been developed.['l They include the sulfite displace-
ment of vicinal aminoalkyl halides,® amino-hydroxy-meth-
anesulfonates® or hydrogen sulfates,['?! the addition of so-
dium bisulfite to nitroolefins followed by reduction,!'!] the
peroxyformic acid oxidation of vicinal aminoalkyl thioacet-
ates,’"!12l and the aminosulfonation of olefins and subse-
quent hydrolysis.['3] Recently, our group has focused on the
development of convenient and efficient routes to the syn-
thesis of diverse substituted taurines and reported two new
synthetic methods that employ three-membered heterocy-
cles as starting materials. We synthesized substituted taur-
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ines by the ring-opening reaction of aziridines with sodium
bisulfite!'*) or thioacetic acid followed by peroxyformic acid
oxidation and hydrolysis.[!] We also performed a ring-
opening of episulfides with amine/ammonia followed by
peroxyformic acid oxidation to produce these com-
pounds.'l Enders and co-workers reported an efficient
asymmetric synthesis of 2-substituted and 1,2-disubstituted
taurine derivatives through aza-Michael addition of
enantiopure hydrazines to o,p-unsaturated sulfonates in the
presence of Lewis acid catalysts.l'”] They also further con-
verted substituted taurine derivatives into substituted p-sul-
tams and y-sultones.[!”>!8] Recently, they reported a new
asymmetric synthesis of anti-1,2-disubstituted taurine de-
rivatives by the nucleophilic addition of phenylmethanesul-
fonate to various N-acylimines in the presence of 1,2:5,6-di-
O-isopropylidene-a-D-allofuranose as a chiral auxiliary.!']

It has been reported that taurine can be synthesized from
heterocyclic thiazoline by bromine oxidation.”?”) However,
the thiazolines need to be prepared from vicinal amino mer-
captans, most of which are commercially unavailable and
are uncomfortably odorous. On the other hand, amino mer-
captans can be oxidized to taurines directly. As the ana-
logues of thiazolines, we assumed that heterocyclic thiazol-
idine-2-thiones could be oxidized to taurines with per-
oxyformic acid. They have been synthesized conveniently
from vicinal amino alcohols and carbon disulfide.*!! Many
vicinal amino alcohols are commercially available, but they
can also be prepared by the reduction of amino acids.
Herein, we present an efficient, and versatile method for the
synthesis of taurines from vicinal amino alcohols via five-
membered heterocyclic thiazolidine-2-thiones as the key in-
termediates.

Results and Discussion

First, a series of structurally diverse thiazolidine-2-
thiones 2 were synthesized from the corresponding vicinal
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amino alcohols 1 by a modified literature method.??! 4-Sub-
stituted thiazolidine-2-thiones 2a-h were prepared in high
yields (68-95%) by the direct reaction of amino primary
alcohols 1a-h and carbon disulfide in the presence of potas-
sium hydroxide (Scheme 1, Method A; Table 1, entries 1-8).
However, 4,4-disubstituted thiazolidine-2-thiones 2i-k and
S-substituted thiazolidine-2-thiones 2l,m were obtained in
relatively low yields (18-49 %) by the direct method because
of steric hindrance. Oxazolidine-2-thiones and thiazolidine-
2-thiones were both obtained in ratios of 80:18 to 51:49.
Le Corre and co-workers!??! have also reported that oxazol-
idine-2-thiones are the major products in most cases. Thus,
we needed to search for an efficient synthesis of 4,4-disubsti-
tuted and S-substituted thiazolidine-2-thiones. Fujita et
al.?% conducted the reaction of 1-amino-2-propyl hydrogen
sulfate with CS,, which afforded 5-methylthiazolidine-2-
thione (2I) in 48% yield. Thus, activation of the hydroxy
group could improve the yields in the synthesis of 5-substi-
tuted thiazolidine-2-thiones. After activating the hydroxy
group of amino secondary alcohols 11,m with chlorosulfonic
acid?¥ or sulfuric acid!'®'¥l and prolonging the reaction
time, 5-substituted thiazolidine-2-thiones 2l,m were synthe-
sized in high yields (87-90%) via amino alcohol hydrogen
sulfates as intermediates (Scheme 1, Method B; Table 1, en-
tries 12 and 13). 4,4-Disubstituted thiazolidine-2-thiones 2i—
k were also prepared in improved yields (43-53%) by activa-
ting the hydroxy group (Scheme 1, Method B; Table 1, en-
tries 9—-11). Optically active amino primary alcohols 1b-h
gave rise to enantiomerically pure thiazolidin-2-thiones 2b—
h with the same configuration as the substratest??! (Table 1,
entries 2-8). However, with secondary alcohols, 5-substi-
tuted thiazoldine-2-thiones with the reverse configuration
were obtained. For example, starting from frans-2-aminocy-
cloalkanols 1n,0, cis-4,5-disubstituted bicyclic thiazolidine-
2-thiones, namely, cis-7,9-thiazabicyclo[4.3.0lnonane-8-
thione (2n) and cis-2,4-thiazabicyclo[3.3.0]octane-3-thione
(20), were obtained.

The reaction of aziridines and carbon disulfide is an al-
ternative route to the synthesis of thiazolidine-2-thiones
(Scheme 1, Method C).1** Optically active (S)-2-alkylazirid-
ines 3b-e reacted with carbon disulfide to generate (S)-4-
alkylthiazolidine-2-thiones 2b-e. However, aromatically
substituted (S)-2-phenylaziridine (3f) gave rise to a mixture
of (S)-4-phenylthiazolidine-2-thione (2f) and (R)-5-phenyl-
thiazolidine-2-thione (2f") in a ratio of 1:4 under the same
conditions. Their configurations and optical purities were
determined by comparison with reported specific rota-
tions>> and revealed that 2-arylaziridines were preferen-
tially attacked at the benzylic carbon atom by the carbon
disulfide due to the stability of the p-m conjugation in the
transition state of the nucleophilic ring-opening step, which
occurs by an Sy2 process. The detailed reaction processes
are shown in Scheme 2. Aziridinocycloalkanes 3n,0 were
prepared from frans-2-aminocycloalkanols 1n,0.l'*261 7-Aza-
bicyclo[4.1.0]heptane (3n) produced trans-7,9-thiazabicy-
clo[4.3.0]nonane-8-thione (2p), but 6-azabicyclo[3.1.0]hex-
ane (30) failed to react due to the strain hindrance effects
(Scheme 3), as reported previously.l?’]
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Scheme 1. Synthesis of thiazolidine-2-thiones.

The synthesized thiazolidine-2-thiones 2 were oxidized
with peroxyformic acid, which was prepared by mixing for-
mic acid (88%) and hydrogen peroxide solution (30%).
Most of the thiazolidine-2-thiones were oxidized to taurines
4 in good-to-excellent yields. However, in some cases, espe-
cially in the oxidation of S-substituted thiazolidine-2-
thiones, repetitive oxidation was necessary. After several
attempts, we found that a high concentration of peroxyfor-
mic acid, generated from hydrogen peroxide (30%) and an-
hydrous formic acid (98 %) (1:5, v/v), gave the best result in
the oxidation reaction (Scheme 4).1281

Various substituted thiazolidine-2-thiones 2 were oxid-
ized to the corresponding substituted taurines 4, including
taurine, 1- and 2-substituted taurines, 2,2-disubstituted
taurines, N-substituted taurines, and cyclic taurines (shown
in Table 1). Taurine 4q, the enantiomer of D-cysteinolic
acid, was synthesized from L-cysteine methyl ester hydro-
chloride (Table 1, entry 17). Both cis- and trans-cyclic taur-
ines were prepared from frans-2-aminocycloalkanols di-
rectly or via their aziridine derivatives as intermediates. Op-
tically pure amino alcohols gave rise to enantiomerically
pure taurines without loss of optical purity, as revealed by a
comparison of their specific rotations with reported values.
Chiral 2-alkylaziridines gave rise to optically pure taurines

Eur. J. Org. Chem. 2009, 5841-5846
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Table 1. Synthesis of structurally diverse taurines.

S Amino alcohol / Thiazolidine-2-thione s o[a] Taurine . o
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[a] Yields of isolated products prepared by Method A or C. [b] Yields of isolated products prepared by Method B. [c] Overall yield from
the cyclization and reduction (see the Supporting Information). [d] Yield from separated 2f".
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Scheme 2. Reactions of 2-arylaziridines with carbon disulfide.
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Scheme 3. Synthesis of cis- and trans-bicyclic thiazolidine-2-thiones
from cyclic vicinal amino alcohols.

S
R\N)ks M0z HOOH  RY R?
—_— N
ri7— N
RZ R3 R3
2 4
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Scheme 4. Synthesis of taurines from thiazolidine-2-thiones.

with the same configuration, whereas 2-arylaziridine pro-
duced enantiopure l-aryltaurines mainly with the opposite
configuration.

As for the oxidation mechanism, we initially assumed
that thiazolidine-2-thiones first underwent hydrolysis to
give amino mercaptans under acidic reaction conditions
and that these were then oxidized to substituted taurines
with performic acid. To verify the reaction mechanism thi-
5844
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azolidine-2-thiones 2¢ and 2f were dissolved in formic acid
and the resulting solutions were stirred for 1 d. However,
no hydrolysis was observed. Fujita et al. reported that thi-
azolidinethione 21 was hydrolyzed in 6 mol/L HCI by heating
at reflux for a week to yield the corresponding amino mer-
captan.>’1 Both our results and those previously reported(>’!
indicate that thiazolidine-2-thiones are hardly hydrolyzed
directly under our reaction conditions. It has been reported
that a-oxo sulfones are unstable because their carbonyl
group is a stronger electrophile than those in ketones and
esters due to the existence of the vicinal sulfone group and
can undergo hydrolysis,**! alcoholysis,'*®! and aminolysis*°!
to generate alkanesulfinic acids and ester and amide deriva-
tives, respectively. Thus, we assumed that thiazolidine-2-
thiones are oxidized to thiazolidine-2-thione 1,1-dioxides,
cyclic sulfur analogues of a-oxo sulfones, which readily un-
dergo acid-catalyzed hydrolysis to generate 2-amino-
alkanesulfinic acids by the loss of a molecule of S=C=0
under the reaction conditions. The 2-aminoalkanesulfinic
acids are then oxidized to the taurines with performic acid
(Scheme 5).

S S gS 5
R. )ks Hy0,, HCOH R+ )k? Hr R . HO
R! R! ° R' ©
R2 R® R2 R® R2 R
2
.
Hs.'OH. Hs(OH OH
R\NXS/,O R\NX/&OH HS)J\NR S/\ —_—
So T S 0y
ri7— ri7— R! s
R2 R® R2 R R2 R
Q R OH OH 1 R2
S)VX\N/ S R 60" Hi0p HOOH RS SO;H
H BRI So ——— N 3
R -8=C=0 gt
R2 R® R2 R®

4

Scheme 5. Proposed mechanism for the oxidation of thiazolidine-
2-thiones to substituted taurines with performic acid.

Substituted taurines have previously been prepared from
vicinal amino alcohols by the displacement of methanesul-
fonate!”! or hydrogen sulfate.['°®-14a] However, amino sec-
ondary alcohols gave rise to 2-substituted taurines, like
amino primary alcohols, by an intramolecular rearrange-
ment;[144] they cannot be used to synthesize 1-substituted
taurines. Importantly, compared with the previous meth-
ods,[19-14al ]_substituted taurines can be prepared from
amino secondary alcohols by the current route, avoiding the
rearrangement step, because after neutralization, the free
amino group first reacts with carbon disulfide to generate
an N-acyl amino alcohol hydrogen sulfate that can only un-
dergo an intramolecular sulfur Sy2 reaction (not the nitro-
gen SN2 reaction because N-acylation decreases the nucleo-
philicity of the nitrogen atom; Scheme 6). In addition, the
current method is a salt-free procedure and so does not
require tedious desalting work to obtain water-soluble taur-
ines. Thus, it is indeed a convenient procedure in terms of
purification and practical for large-scale preparation.

Eur. J. Org. Chem. 2009, 5841-5846
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Scheme 6. Comparison on application of vicinal amino secondary
alcohols in synthesis of substituted taurines in the current and pre-
vious methods.

Conclusions

Taurine and a range of substituted taurines have been
synthesized efficiently by the oxidation of thiazolidine-2-
thiones, which were prepared conveniently from the corre-
sponding amino alcohols or aziridines. Compared with the
previous synthetic method, the new route described herein
can be used for the synthesis of 1-substituted, 2-substituted,
2,2-disubstituted, and N-substituted taurines, including lin-
ear, cyclic, and optically active taurines. Furthermore, this
method is an inexpensive, versatile, and salt-free procedure
for the synthesis of highly pure diverse taurines in the labo-
ratory as well as in large-scale industrial production.

Experimental Section

General: Melting points were determined with a melting point ap-
paratus and are uncorrected. '"H NMR spectra were recorded at
200, 300, or 400 MHz in CDCl;, [Dg]DMSO, or D,O with TMS
or DOH as the internal standards. '3C NMR spectra were recorded
at 50.3, 75.5, or 100.6 MHz in CDCl;, D,O, or HCO,H with
CDCl; or HCO,H as the internal standards (HCO,H: ¢ =
166.3 ppm). IR spectra were determined directly. MS spectra were
obtained with an ESI mass spectrometer. HRMS spectra were re-
corded with an LC/MSD TOF mass spectrometer. Optical rota-
tions were measured with a polarimeter and a thermally jacketed
10 cm cell (concentration ¢ expressed as g/100 mL). Melting points
were measured with a Yanaco MP-500 melting point apparatus.
NMR spectra were recorded with Varian Mercury 200 (200 MHz),
Varian Mercury Plus 300 (300 MHz), or Bruker 400 AMX
(400 MHz) spectrometers. Mass spectra were obtained with a
Bruker ESQUIRE LCTM ESI ion trap mass spectrometer. HRMS
data were obtained with an Agilent LC/MSD TOF mass spectrom-
eter. IR spectra were determined with a Bruker Tensor 27 FT-IR
spectrometer. Optical rotations were measured with a Perkin Elmer
741 polarimeter.
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General Procedure for the Preparation of Thiazolidine-2-thiones
(Method B): A solution of chlorosulfonic acid (1.4 g, 0.8 mL,
12 mmol) in anhydrous diethyl ether (5 mL) was added dropwise
to a solution of amino alcohol (10 mmol) dissolved in anhydrous
diethyl ether (15 mL) and cooled in an ice/water bath. The resulting
mixture was stirred for 1h. The precipitates were filtered and
washed with ethanol twice and diethyl ether twice to afford solid
amino alcohol hydrogen sulfate.[**]

Alternatively, a cold mixture of sulfuric acid (98%, 1 g) and water
(1 mL) was added to the amino alcohol (10 mmol) in water (0.6—
2.0 mL) at 0-5 °C. The mixture was heated to 120-130 °C for 0.5 h
and then water was carefully distilled off in vacuo to afford solid
amino alcohol hydrogen sulfate.[1°]

An aqueous solution of KOH (6.5 mL of 6.2 mol/L) was added to
the prepared amino alcohol hydrogen sulfate and carbon disulfide
(2.5mL, 40 mmol) was then added. The resulting solution was
heated at reflux at 80 °C in an oil bath for 3.5 h. After cooling to
room temperature, the reaction mixture was extracted with dichlo-
romethane (3 X20 mL). The combined organic layers were dried
with Na,SO,. Total removal of the solvent under reduced pressure
gave the crude product, which was purified by recrystallization or
by column chromatography on silica gel eluted with petroleum
ether (60-90 °C)/ethyl acetate (2:1, v/v) to give the product as color-
less crystals.

(*)-4-Methyl-4-phenethylthiazolidine-2-thione (2j): Colorless crys-
tals; yield 1.02 g, 43%; m.p. 143-145°C. 'H NMR (300 MHz,
CDCl;): 0 = 8.78 (br. s, 1 H, NH), 7.32-7.26 (m, 2 H, ArH), 7.22—
7.17 (m, 3 H, ArH), 3.44 (d, J = 11.1 Hz, 1 H, CH,S), 3.24 (d, J
=11.1 Hz, 1 H, CH,S), 2.75-2.69 (m, 2 H, CH»Ar), 2.09-2.02 (m,
2 H, CH,), 1.52 (s, 3 H, Me) ppm. '*C NMR (75.5 MHz, CDCl;):
o = 1989, 1404, 128.6, 128.2, 126.3, 70.3, 43.7, 41.7, 30.6,
253 ppm. IR (CDCly): ¥ = 3134 (NH), 3024 (ArH), 1492
(C=S)cm!'. MS (ESI): m/z = 238.2 [M + H]*, 260.1 [M +
Na]*. HRMS (ESI): caled. for C;,H (NS, [M + H]" 238.0718;
found 238.0717.

3-Thia-1-azaspiro[4.6]undecane-2-thione (2k): Colorless crystals;
yield 905 mg, 45%; m.p. 156-158 °C. '"H NMR (400 MHz, CDCl5):
0 =8.68 (br. s, 1 H, NH), 3.30 (s, 2 H, CH,S), 2.01-1.89 (m, 4 H,
2 CH,), 1.62-1.45 (m, 8 H, 4 CH,) ppm. '*C NMR (100.6 MHz,
CDCl;): 0 = 198.3, 74.3, 44.9, 38.8, 29.4, 22.9 ppm. IR (CDCl3): ¥
= 3139 (NH), 1494 (C=S) cm™'. MS (ESI): m/z = 202.1 [M + HJ",
224.0 [M + Na]*. HRMS (ESI): caled. for CoH (NS, [M + H]*
202.0718; found 202.0715.

(R)-5-Phenylthiazolidine-2-thione (2f"): Colorless crystals; yield
1.40 g, 72%; m.p. 138-140 °C. [a]f) = +133.7 (¢ = 0.38, CHCl,).
'H NMR (300 MHz, CDCls): § = 8.38 (br. s, 1 H, NH), 7.26-7.43
(m, 5 H, ArH), 5.18 (dd, J = 7.8, 8.1 Hz, 1 H, CHS), 4.29 (dd, J
= 8.1, 11.3Hz 1 H, CH,N), 401 (dd, J = 7.5, 11.3Hz, 1 H,
CH,N) ppm. 3C NMR (75.5 MHz, CDCls): § = 201.0, 137.8,
129.1, 128.6, 127.3, 58.5, 54.0 ppm. MS (ESI): m/z = 196 [M +
H]*. HRMS (ESI): caled. for C¢H ,NOS [MH]* 196.0249; found
196.0242.

General Procedure for the Preparation of Taurines: A solution of
30% H,0, (5 mL) was dissolved in 98% formic acid (25 mL) at
0 °C and the mixture was stirred at 0 °C for 1 h to afford peroxyfor-
mic acid.?®! Thiazolidine-2-thione (5 mmol) was added portionwise
to the peroxyformic acid solution at 0-5°C in an ice bath. The
resulting solution was stirred overnight and then warmed to room
temperature. After filtering off any solid sulfur and removal of the
solvents, the residue was crystallized from methanol, ethanol, or a
mixture of methanol (or ethanol) and diethyl ether to afford color-
less pure taurine or substituted taurines in good yields.
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(S)-2-(Benzylamino)-3-phenylpropane-1-sulfonic Acid (4h): Colorless
crystals; yield 1.30 g, 85%; m.p. 314-316 °C (decomp.). '"H NMR
(400 MHz, [D¢]DMSO): 6 = 9.21 (br. s, 1 H, OH), 9.10 (br. s, 1 H,
NH), 7.52-7.26 (m, 10 H, ArH), 4.47-4.38 (m, 1 H, CH,N), 4.37-
428 (m, 1 H, CH,N), 3.66 (m, 1 H, CHN), 3.33 (dd, J = 3.8,
13.2 Hz, 1 H, CH,S), 2.89 (dd, J = 11.0, 13.2 Hz, 1 H, CH,S), 2.82
(dd, J = 9.8, 14.5Hz, 1 H, CH»Ar), 2.62 (dd, J = 2.4, 14.5Hz, 1
H, CH,Ar) ppm. 3C NMR (100.6 MHz, [Dg]DMSO): § = 136.6,
132.6, 130.0, 129.9, 129.5, 129.4, 129.2, 127.5, 57.1, 49.4, 48.1,
35.7 ppm. IR (KBr): ¥ = 3432 (br., OH, NH), 1256 (S=0), 1170
(S=0)cm!. HRMS (ESI): caled. for C;gH5NO3S [M + HJ*
306.1158; found 306.1151.

1-Aminohexane-2-sulfonic Acid (4m): Colorless crystals; yield
798 mg, 88%; m.p. 335 °C (decomp.). 'H NMR (300 MHz, DO,
HDO as internal standard at 6 = 4.67 ppm): 6 = 3.25 (dd, J = 3.0,
13.8 Hz, 1 H, CH,N), 3.15 (dd, J = 9.0, 13.8 Hz, | H, CH,N), 2.95
(m, 1 H, CHS), 1.79 (m, 1 H, CH,), 1.33 (m, 5H, 2 CH, + 1 H of
CH,), 0.78 (t, J/ = 7.2 Hz, 3 H, CH3) ppm. '3C NMR (75.5 MHz,
D,0O, HCO,H as internal standard at 0 = 166.3 ppm): 0 = 57.47,
39.8, 28.6, 27.8, 22.4, 13.7 ppm. IR (KBr): ¥ = 3420 (br., OH, NH),
1221 (S=0), 1150 (S=0) cm™!'. MS (ESI): m/z = 181.7 [M + H]*,
203.6 [M + Na]*. HRMS (ESI): calcd. for C¢H¢NOsS [M + H]*
182.0845; found 182.0847.

Supporting Information (see also the footnote on the first page of
this article): Experimental procedures for the preparation of thiazo-
lidine-2-ones and L-cysteinolic acid, reaction of (S)-phenylaziridine
and carbon disulfide and identification of the absolute configura-
tion of the products, the analytical data and 'H and '*C NMR
spectra of thiazolidone-2-ones, taurine, and substituted taurines.
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